
Long-term persistence o
f transcriptionally active
‘defective’ HIV-1 proviruses: implications for

persistent immune activation during
antiretroviral therapy

Kanal Singha, Ven Natarajanb, Robin Dewarb, Adam Rupertb,

Yuden Badralmaab, Tracey Zhaia, Nicole Winchestera,

Francesca Scrimierib, Mindy Smitha, Ivery Davisb, Perrine Lallemandb,

Aude Gigliettia, Jack Hensiena, Thomas Buerkerta, Bruktawit Goshua,

Catherine A. Rehmc, Zonghui Hud, H. Clifford Lanea

and Hiromi Imamichia
er on page 2239
See related pap
aClinical and Mol
Diseases, NIH, Be
of Immunoregulat
Institute of Allergy

Correspondence t
National Institute

E-mail: himamich
Received: 24 Mar

DOI:10.1097/QAD

ISSN 0269-9370 Writt
‘‘work of the United S
not extend to the cont
Objectives: People with HIV-1 (PWH) on effective antiretroviral therapy (ART) con-
tinue to exhibit chronic systemic inflammation, immune activation, and persistent
elevations in markers of HIV-1 infection [including HIV-DNA, cell-associated HIV-
RNA (CA HIV-RNA), and antibodies to HIV-1 proteins] despite prolonged suppression
of plasma HIV-RNA levels less than 50 copies/ml. Here, we investigated the hypothesis
that nonreplicating but transcriptionally and translationally competent ‘defective’ HIV-
1 proviruses may be one of drivers of these phenomena.

Design: A combined cohort of 23 viremic and virologically suppressed individuals on
ART were studied.

Methods: HIV-DNA, CA HIV-RNA, western blot score (measure of anti-HIV-1
antibodies as a surrogate for viral protein expression in vivo), and key biomarkers
of inflammation and coagulation (IL-6, hsCRP, TNF-alpha, tissue factor, andD-dimer)
were measured in peripheral blood and analyzed using a combined cross-
sectional and longitudinal approaches. Sequences of HIV-DNA and CA HIV-
RNA obtained via 50-LTR-to-30-LTR PCR and single-genome sequencing were also
analyzed.

Results: We observed similar long-term persistence of multiple, unique, transcription-
ally active ‘defective’ HIV-1 provirus clones (average: 11 years., range: 4–20 years) and
antibody responses against HIV-1 viral proteins among all ART-treated participants
evaluated. A direct correlation was observed between the magnitude of HIV-1 western
blot score and the levels of transcription of ‘defective’ HIV-1 proviruses (r¼0.73,
P<0.01). Additional correlations were noted between total CD8þ T-cell counts and
HIV-DNA (r¼0.52, P¼0.01) or CA HIV-RNA (r¼0.65, P<0.01).
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Conclusion: These findings suggest a novel interplay between transcription and trans-
lation of ‘defective’ HIV-1 proviruses and the persistent immune activation seen in the
setting of treated chronic HIV-1 infection.
AIDS 2023, 37:2119–2130
Keywords: antibodies to viral proteins, HIV-1 defective proviruses, HIV-RNA
transcripts, immune activation, inflammation, persistence
Introduction

The advent, refinement, and widespread implementa-
tion of antiretroviral therapy (ART) has dramatically
reduced the morbidity and mortality for people with
HIV (PWH) [1,2]. Though unable to fully eradicate or
‘cure’ chronic HIV-1 infection, the use of ART has
successfully decreased the progression to AIDS and
associated illnesses in the vast majority of treated
individuals by blocking HIV-1 viral replication.
However, despite these critical advances, PWH remain
at a disproportionately higher risk of incident disease and
death from serious non-AIDS complications when
compared with age-matched uninfected individuals
[1,3,4]. Among the conditions seen with increased
frequency are a number of non-AIDS associated cancers
and chronic cardiovascular, liver, and kidney diseases.
This elevated risk is notably observed irrespective of
sustained suppression of plasma viremia on appropriate
ART and is associated with the now well-described
phenomenon of elevated markers of chronic inflamma-
tion and immune activation as reflected in persistently
elevated levels of IL-6 and D-dimer [5–10]. The reasons
behind this remain unclear, and it is likely that
mechanisms other than ongoing HIV-1 viral replication
are responsible [11–13].
To date, the cause of HIV-associated chronic immune
activation in virologically suppressed PWH remains
elusive. Multiple processes are theorized to play a role;
these include microbial translocation, chronic co-infec-
tion with other pathogens such as cytomegalovirus
(CMV), host genetics, lifestyle factors (e.g. smoking), side
effects of drugs, and persistence of low-level HIV-1
replication that is not ‘detectable’ via standard clinical
assays [14–17]. We have hypothesized that another
potential source of this chronic inflammation may be the
persistence, expansion, and biologic activity of replica-
tion-incompetent, yet transcriptionally competent
‘defective’ HIV-1 proviruses [18,19]. These ‘defective’
proviruses comprise the majority of the HIV-1 provirus
(HIV-DNA) pool in peripheral blood and persist despite
years or even decades of continued use of suppressive
ART [18–28]. Although previously suspected to be
irrelevant ‘silent’ species based on their inability to
reproduce infectious virions, it has been shown that these
proviruses do in fact result in both transcriptional and
translational activities, capable of producing cell-associ-
ated HIV-RNA (CA HIV-RNA) transcripts and
expressing novel HIV-1-related proteins in vivo or in
vitro [18,29–32]. This latter finding provides a potential
mechanism(s) by which these proviruses may chronically
perturb both the innate and adaptive elements of the
host’s immune system and contribute to persistent
immune activation.

A better understanding of chronic immune activation and
inflammation during ART is key to identifying ways to
minimize it and by extension improve the health and
quality of life for PWH. In the present study, we have
extended our prior observations that defective HIV-1
proviruses are transcriptionally active [18] and encode
viral proteins [29] to provide evidence that ongoing
production of HIV-1 proteins from non-full-length,
defective HIV-1 proviruses is a potential source of a
persistent immune response to HIV-1; and that the
biologic activity of these ‘defective’ HIV-1 proviruses is
likely to play an important role in the persistent low-level
immune activation and inflammation seen in PWH
treated successfully with ART.
Materials and methods

Study design
Twenty-three participants enrolled in the National
Institute of Allergy and Infectious Diseases Institutional
ReviewBoard-approvedHIV-1 clinical research protocols
formed the basis for this study (Supplementary Table 1,
http://links.lww.com/QAD/C950). All provided written
informed consent before study participation. Among these
participants, 20 participants were sampled at a single
timepoint during the course of their HIV-1 infection: five
participants (Pts 1–5) were sampled prior to ARTat a time
when plasma HIV-RNA levels (pVL) were at least
50 copies/ml, and 15 participants (Pts 6–20) were sampled
onARTwith pVL less than 50 copies/ml (average duration
of pVL less than 50 copies/ml¼ 5.7 years, range: 1.1–
10.8 years) (Supplementary Figure S1, http://links.lww.
com/QAD/C950). Three additional participants (Pts 21–
23) were assessed longitudinally and sampled sequentially
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over 17 years (average: 17.7, range: 14.5–20.2), including
prior to initiation of ART, at or within approximate
6months of first documented virologic suppression after
initiating of ART, and at approximate 3-year intervals
thereafter during chronic infection with pVL less than
50 copies/ml.

Quantification and amplification of HIV-DNA
and cell-associated HIV-RNA
Total HIV-DNA and CA HIV-RNA were isolated from
peripheral blood mononuclear cells (PBMCs) using
Gentra Puregene Cell Kit (Qiagen, Germantown,
Maryland, USA) and the RNeasy Mini kit (Qiagen)
with an on-column DNase I digestion step per
manufacturer’s instructions, respectively. Levels of HIV-
DNA and CA HIV-RNA copy numbers were quantified
with 7900HT Fast-Real time PCR system (Thermo-
Fisher Scientific, Waltham, Massachusetts, USA) using
primers and probes as previously reported [33,34]. HIV-1
copy numbers are expressed as copies per milliliter of
blood. The limit of detection of the quantitative PCR
(qPCR) is 2 copies/mg of genomic DNA for HIV-DNA
and 10 copies/mg of cellular RNA for CA HIV-RNA.
Genomic DNA and cDNA were subjected to limiting
dilution before amplification with a near full-length PCR
as previously described [18]. For participants 21–23, the
following alternate reverse primers were used for RNA-
PCR: -9591(HXB2 coordinate: 9591–9612) 50-
TGAGGCTTAAGCAGTGGGTTCC-30 and -9567
(HXB2 coordinate: 9567–9588) 50-AGTTAGCCAGA-
GAGCTCCCAGG-30. On average, 24 (range 10–40)
amplicons were obtained for each sampling time point.

Sequence analyses
Single-molecule direct sequencing was performed using
the 3500xL Genetic Analyzer (Applied Biosystems by
ThermoFisher Scientific) with a BigDye Terminator v3.1
Cycle Sequencing Kit. Intactness of the HIV-1 genome
was assessed with the HIVAlign program (www.hiv.lanl.
gov) [35]. AliView (v1.26) [36] was used to generate
sequence alignments. ‘Full-length intact’ HIV-1s are
defined as species that are intact in length (PCR
amplicons of 9.0 kb in size for HIV-DNA; and those
of 8.8 kb in size for CA HIV-RNA) and possess all nine
intact protein-coding genes (gag, pol, env, nef, tat, rev,
vpr, vif, vpu). ‘Full-length defective’ HIV-1s are intact in
length but contain out-of-frame indels, premature stop
codons, hypermutations, or inversions. ‘Defective’ HIV-
1s are less than intact in length and may contain large
internal deletions with/without out-of-frame indels,
premature stop codons, hypermutations, or inversions.

Soluble biomarker and western blot analyses
D-dimer levels were measured by an enzyme-linked
fluorescent assay on a VIDAS instrument (BioMerieux,
Durham, North Carolina, USA) sCD14 by a traditional
ELISA (R&D Systems, Minneapolis, Minnesota, USA),
and IL-6, hsCRP, TNFa by an electrochemiluminescence
assay (Meso Scale Discovery, Gaithersburg, Maryland,
USA). Western blots were performed using the HIV-1
western blot kit (Cambridge Biotech, Worcester, Massa-
chusetts, USA) for participants 1–20 (Pts 1–20); and the
GS HIV-1 Western Blot kit (Bio-Rad, Hercules,
California, USA) for participants 21–23 (Pts 21–23)
following the manufacturer’s specifications. Frozen serum
samples were used for Pts 1–20 in the cross-sectional
group; plasma samples were used for Pts 21–23 in the
longitudinal group. Specific antibody responses were
measured in 20ml of serum samples against 9 (the
Cambridge Biotech kit) or 10 (the Bio-Rad kit) different
HIV-1 viral proteins, as previously described [37].
Densitometric analysis using ImageJ software [38] was
performed to individually quantify the intensity of the
bands relative to the intensity calculated in the correspond-
ing band of the positive control. The intensities of the p51
and p55 bands were combined to a single value. Thus, the
total western blot score was calculated as the sum of 8 or 9
bands, with a total score of 8 or 9 for the control.

Statistical analyses
Nonparametric rank-based correlations (Spearman) using
the Prism software (version 9.3.1; and generalized linear
regression using R software were performed for analyses.
Tables and figures were constructed using the Prism and
Adobe Illustrator software. All HIV-1 copy numbers and
biomarker measurements fell within the range of
quantitation as described above or per assay specification
with the exception of three (out of 23 specimens)
measurements of IL-6: These were below limit of
detection and assigned the low cutoff value of 0.179 pg/
ml for statistical calculations.
Results

Long-term persistence of cell-associated HIV-
RNA and antibody responses to HIV-1 viral
proteins in the absence of ongoing HIV-1
replication during prolonged suppression of
plasma HIV-RNA on antiretroviral therapy
Levels of HIV-DNA, CA HIV-RNA, and western blot
score remained virtually constant over a period of 15–
22 years despite prolonged suppression of plasma HIV-
RNA levels to less than 50 copies/ml on ARTamong the
three longitudinally followed participants (Pts 21–23)
(Fig. 1a). Similar findings were observed among the 20
individuals examined cross-sectionally (Supplementary
Fig. S2, http://links.lww.com/QAD/C950). Levels of
HIV-DNA indicate the precursor frequencies of cells that
had been infected with HIV-1, whereas levels of CA
HIV-RNA indicate the degree of transcription from
these HIV-1 proviruses. The western blot score measure
antibody responses to specific HIV-1 proteins and thus
serves as a surrogate maker for the presence of those viral
proteins in vivo. Longitudinal assessments of HIV-1
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Fig. 1. Long-term persistence of antibody responses to HIV-1 antigens in the absence of active viral replication during plasma
HIV-RNA less than 50 copies/ml on antiretroviral therapy. (a) HIV-DNA levels, CA HIV-RNA levels, and western blot score were
longitudinally analyzed for three participants (Pts 21–23). A color-coding scheme to indicate each participant is provided in the key.
(b) Distributions of HIV-DNA and CAHIV-RNA sequence lengths for these three participants are shown. Filled circles represent full-
length intact species; and open circles represent non-full-length HIV-1 species or full-length containing out-of-frame indels,
premature stop codons, or hypermutations. The height of the shaded box represents the median length (kb) calculated for non-
full-lengthHIV-1 species at a given timepoint.Duration of yearswith plasmaHIV-RNA less than 50copies/ml at time of sampling and
numbers of amplicons obtained for HIV-DNA or CA HIV-RNA for each time point are indicated below the plots. Time points when
plasmaHIV-RNA levelwas at least 50copies/ml are indicated in red. (c) Pie charts illustrate the relative abundance of expandedHIV-
1 clones (i.e. those detected �2 times). Relative abundance of the expanded HIV-1 clonal populations either associated with HIV-
RNA transcripts: RNA(þ) orwithoutHIV-RNA transcripts: RNA(�) are shown inbar-of-pie charts. Proportions of full-length intact and
defective HIV-1 species associated with or without HIV-RNA transcripts are shown in doughnut pie charts.
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western blot scores demonstrated a long-term persistence
of antibodies to HIV-1 viral proteins despite up to
20 years of plasma HIV-RNA levels less than 50 copies/
ml (Fig. 1a, Supplementary Figures S3 and S4, http://
links.lww.com/QAD/C950). Among the three partici-
pants in the longitudinal group, only one full-length
intact HIV-RNA sequence was detected during virologic
suppression (at 12.2 years in Pt 21) out of a total of 397
CA HIV-RNA sequences identified during HIV-RNA
levels less than 50 copies/ml (Fig. 1b). These data suggest
persistent exposure to HIV-1 viral proteins expressed by
sources other than intact replicating viruses. Extensive
sampling of HIV- DNA and CA HIV-RNA sequences
from the entire cohort revealed an abundance of cells
harboring defective proviruses and corresponding RNA
transcripts both in the presence and absence of detectable
plasma viremia (Fig. 1b, Supplementary Fig. S3b and c,
http://links.lww.com/QAD/C950). For the three parti-
cipants followed longitudinally (Pts 21–23), 30–52% of
these unique proviruses were identified in more than one
cell and thus were reflective of clonal expansion (Fig. 1c).
Given the anticipated precursor frequencies of different
CD4þ T-cell clones, it is reasonable to assume that the
majority of cells detected in peripheral blood are the
product of in-vivo clonal expansion.

This is further supported by the observation that as the
number of cells/clones examined in a given individual
increases, the fraction representing clonal expansions
increases (Supplementary Fig. S5, http://links.lww.com/
QAD/C950). Interestingly, among the clonally expanded
proviral species, 74–87% of them were detected with
their corresponding RNA transcripts, suggesting that
transcriptionally-active ‘defective’ proviruses may be
more common than previously thought [39,40].

Long-term persistence of multiple
transcriptionally-active ‘defective’ HIV-1
provirus clones during suppressive antiretroviral
therapy
To determine whether any of the transcriptionally active
‘defective’ HIV-1 provirus clones possessed novel HIV-
RNA structures capable of producing viral proteins in the
setting of ART-induced prolonged viral suppression, we
examined their genomes and monitored their persistence
within each of the three participants in the longitudinal
group (Fig. 2). We previously reported a case of 17-year-
persistence of a transcriptionally-active ‘defective’ HIV-1
provirus clone in a PWH on suppressive ART [19]. In the
present study, we were able to identify a total of 31 unique
and transcriptionally active HIV-1 provirus clones in a
single individual (Pt 21, Fig. 2a). We further demon-
strated long-term persistence of transcriptionally active
expanded clones in all three individuals for an average of
11 years (range: 4–20 years) (Fig. 2a, c, and e). Sequence
analyses of the HIV-RNA transcripts from the expanded
HIV-1 clones revealed that they were different from those
of known spliced HIV-RNA species (Fig. 2b, d, f). These
novel HIV-RNA transcripts with open reading frames
ranged in size from 1.1 to 7.4 kb. A part of the gag and nef
genes were retained in 81% of these novel HIV-RNA
transcripts (Fig. 2b, d, f). The long-term persistence of
these transcriptionally active ‘defective’ HIV-1 provirus
clones was mirrored with a similar persistence of antibody
responses directed against multiple HIV-1 viral proteins
(Fig. 2a, c, and e).

Persistence and correlation between markers of
HIV-1 transcription, protein production, and
inflammation during prolonged suppression of
plasma HIV-RNA levels less than 50 copies/ml on
antiretroviral therapy
We next looked for relationships between HIV-DNA,
CA HIV-RNA, western blot score, and a panel of
biomarkers. With the exception of TNF-alpha, there was
no decline in the biomarkers examined (IL-6, hsCRP,
tissue factor, and D-dimer) when analyzed as a function of
duration of viral suppression (Supplementary Figure S6,
http://links.lww.com/QAD/C950). However, with the
exception of D-dimer, they all remained elevated,
compared with the levels observed in the HIV-negative
controls (P< 0.05, Supplementary Fig. S6a–e, http://
links.lww.com/QAD/C950). Consistent with the trends
observed in the cross-sectional cohort, no significant
changes in biomarker measurements were seen in up to
20 years of follow-up within the longitudinal cohort
(Supplementary Fig. S6f–i, http://links.lww.com/
QAD/C950). Taken together, these results suggest that
levels of these biomarkers (except TNF-alpha) were only
modestly impacted by the long-term use of ART once
suppression of viral replication was achieved. Supple-
mentary Table 2, http://links.lww.com/QAD/C950
shows Spearman correlation coefficients (r) and P values;
and Fig. 3 shows Spearman correlograms. Correlations
were assessed for the entire cohort of 23 participants (Pts
1–23) and separately among the subgroup of virologically
suppressed individuals with HIV-RNA less than 50 cop-
ies/ml (Pts 6–23). Strong positive correlations were
noted between western blot score and CA HIV-RNA
(r¼ 0.73, P< 0.01), suggesting that the CA HIV-RNA
derived from ‘‘defective’’ proviruses was associated with
persistent production of HIV-1-related proteins and an
ongoing antibody response to those proteins (Fig. 3a). No
relationship was found between western blot score and
HIV-DNA levels (Fig. 3b). Positive correlations were
noted between D-dimer levels and western blot score or
CA HIV-RNA (Fig. 3c and d). These reached statistical
significance for western blot score and D-dimer (r¼ 0.52,
P¼ 0.01) and CA HIV-RNA and D-dimer (r¼ 0.53,
P< 0.01) for the cohort that included all participants. No
significant associations were found between HIV-DNA
and D-dimer levels (Fig. 3e). Additional correlations were
noted between total CD8þ T-cell counts and HIV-DNA
(r¼ 0.52, P¼ 0.01) or CA HIV-RNA (r¼ 0.65,
P< 0.01), implying the persistent production of intra-
cellular proteins were recognized by the host as foreign
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Fig. 2. Long-term persistence of multiple transcriptionally active ‘defective’ HIV-1 provirus clones during suppression of plasma
HIV-RNA less than 50 copies/ml on antiretroviral therapy. (a, c, and e) Longitudinal changes in the number of sequences from
expanded HIV-1 clones obtained from Pts 21–23 (detected as either HIV-RNA transcripts with or without corresponding HIV-
DNA) and corresponding western blot patterns were assessed over the period of observation. Timepoints when plasma HIV-RNA
level was at least 50 copies/ml are indicated in red. Distinct expanded provirus clones are assigned different sequence IDs.
Symbols denote type of sequences detected at a given time point; numbers inside each symbol indicate the number of sequences
detected at a given time point. (b, d, and f) Genome structures and protein-coding regions of the expanded HIV-1 clones are
shown; the Highlighter analysis indicates nucleotide substitutions compared with HIV-1 HXB2. Schematic diagrams of known
unspliced and spliced HIV-RNA species (represented by blue bars) are shown at the upper right panel for comparison.
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Fig. 2. Continued.
(Fig. 3f and g, Supplementary Table 2, http://links.lww.
com/QAD/C950).
Discussion

In the present study, we demonstrated the long-term
persistence of both translationally competent non-full-
length CA HIV-RNA and antibodies to specific HIV-1
proteins among a cohort of virologically suppressed PWH
on ART. Furthermore, we showed that the presence and
persistence of these non-full-length CA HIV-RNA
transcripts in the peripheral circulation correlated with
ongoing antibody-responses to HIV-1 viral proteins, CD8þ

T-cell counts, and the levels ofD-dimer.Taken together, our
findings demonstrate a novel interplay between transcrip-
tion and translation from ‘defective’ HIV-1 proviruses and
the persistent immune activation even in the setting of long-
standing, treated HIV-1 infection.
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Fig. 2. Continued.
The frequency of cells with HIV-1 proviruses expressing
CA HIV-RNA has been estimated to be approximately
7% (range: 2–18%) [39].Whether or not CAHIV-RNAs
detected during suppressive ART are full-length intact
species has been unclear in many of the previous studies
[39–44]. This is because of the fact that the detection of
CA HIV-RNA by widely available quantitative PCR-
based method alone does not distinguish full-length intact
replication-competent forms from non-full-length or
full-length defective forms. In the present study, using a
combination of quantitative PCR and a 50-LTR-to-30-
LTR PCR, we were able to demonstrate that an
overwhelming proportion of CA HIV-RNA (99.8%,
481 out of 482 amplicons analyzed in a total of 12
participants: Pts 6, 7, 10–13, 15, 16, 20, 21–23) detected
during suppressive ARTwere transcripts from ‘defective’
HIV-1 proviruses. Having identified multiple clones
harboring transcriptionally active ‘defective’ proviruses in
the longitudinal cohort, we have used the proviruses as
molecular markers to monitor the fate of these clones and
were able to demonstrate that 51% of the clones (32 out of
63 different clone types) persisted an average 10 years
(range: 2–20 years). The other 49% of the clones were
detected only at a single time point. All HIV-RNA
transcripts detected in the participants followed longitu-
dinally were in novel unspliced forms, faithfully reflecting
the genome structures of their template of defective
proviral DNA. The long-term persistence of transcrip-
tionally active, translationally competent ‘defective’ HIV-
1 provirus clones was mirrored in the long-term
persistence of antibody responses directed against HIV-
1 viral proteins as reflected in the western blot banding
profiles and western blot scores.

In the present study, we used the western blot score as a
surrogate marker of the expression of up to 10 different
HIV-1 viral proteins in vivo. While the western blot
scoring system is an indirect semi-quantitative measure of
in-vivo production of HIV-1 viral proteins, it allows for a
dynamic characterization of specific antibody responses
generated against various HIV-1 viral proteins. A similar
application has shown that changes in western blot scores
positively correlate with HIV-1 reservoir size in
perinatally infected infants [37]. Consistent with our
previous findings [18,19], we found that asynchronous
fading in the western blot banding pattern was
characteristic of suppressed individuals on long-term
ART. A similar stochastic element to the fading of
western blot bands was also noted and interpreted as a lack
of recent exposure to viral antigens in the Berlin, London,
and Dusseldorf patients [45–47] who underwent curative
hematopoietic stem cell transportation (HSCT). While it
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Fig. 3. Associations between levels of HIV-1, western blot score, D-dimer, and T cells. Associations between levels of: (a) WB
(western blot) score and cell-associated (CA) HIV-RNA; (b) WB score and HIV-DNA; (c) WB score and D-dimer; (d) CA HIV-RNA
and D-dimer; (e) HIV-DNA and D-dimer; (f) CA HIV-RNA and CD8þ T cells; and (g) HIV-DNA and CD8þ T cells for Pts 1–23. For
Pts 21–23 (Longitudinal group), the time points from the last available sample during plasmaHIV-RNA less than 50 copies/ml were
used (Pt 21: 20.2 years.; Pt 22: 17.5 years.; Pt 23: 14.5 years). WB score from Pt 19 could not be obtained because of high
background in thewestern blot assay and thus not included in (a–c). Open circles represent data derived from sampling time points
with plasma HIV-RNA at least 50 copies/ml; filled circles represent data derived from time points during suppressive ART with
plasma HIV-RNA less than 50 copies/ml. Spearman correlations were estimated separately for a group including all participants
(dotted blue lines) and a group excluding the five individuals (Pts 1–5) with HIV-RNA at least 50 copies/ml (solid blue lines). The
Spearman correlation coefficient (r) and P value are shown.
is possible that the elimination of all the HIV-specific B
cells upon ablation was the reason for the observed
decreasing levels of specific antibody responses after the
HSCT, we feel this unlikely, as the total IgG levels did not
change substantially before and after HSCT in the
Dusseldorf patient (personal communication).

It is well established that ART is markedly effective at
suppressing viral replication, increasing CD4þ T-cell
counts, and reducing all-cause mortality among PWH
[1,2]. However, despite the use of effective ART, this
population remains at a disproportionately higher risk of
comorbid disease and mortality associated with chronic
inflammation and coagulation dysregulation, as noted by
persistent elevations in biomarkers such as IL-6 and D-
dimer [1,3–10]. Althoughmultiple studies have attempted
to discover associations between the levels of persistent
HIV-1 and biomarkers associated with inflammation and
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immune activation, results have remained mixed [48–52].
The present study shows a clear linkage between levels of
CA HIV-RNA, antibodies to HIV-1 proteins, and total
CD8þT-cell counts invirologically suppressed individuals,
providing evidence to suggest the pool of transcriptionally
active ‘defective’ proviruses may be contributing to the
state of persistent antigenic stimulation in the absence of
active viral replication.

Our study has some limitations. Our sample size for HIV-
1 sequencing was relatively small with the exception of
the three participants sampled longitudinally (Pts 21–23).
We also acknowledge that the panel of biomarkers may be
limited and could be expanded in future studies to include
other markers of increasing interests in the field. In
addition, although the HIV-1 western blot scoring system
remains effective, its indirect and semi-quantitative nature
might have limited our ability to assess the relationships
between the levels of transcriptional/translational activity
and the levels of markers of immune activation and
inflammation. Utilization of a system that allows a direct
measurement of the levels of in-vivo HIV-1 viral proteins
in PWH with suppressed viral replication would be of
value in future studies.

Collectively, our results suggest that HIV-RNA tran-
scripts from persistent ‘defective’ HIV-1 proviruses are a
persistent feature of ‘successfully’ treated HIV infection
andmay act as one of the drivers for chronic inflammation
and immune activation during suppressive ART. Better
clarification of the translational competence of ‘defective’
proviruses is a key direction for future work. In addition,
assessing the distribution of these proviruses in other
tissue compartments may help delineate any additional
roles they may play in the pathogenesis of chronic HIV-1
infection. Although ART is capable of suppressing HIV-1
replication to levels ‘below detectable’ by clinical
diagnostic assays, it does not suppress expression of
HIV-RNA transcripts from all HIV-1 proviruses. As such,
any contribution to inflammation and immune activation
via CA HIV- RNA would not necessarily be abated by
current ART regimens or strategies targeting latently
infected cells. Therefore, therapeutic options directed
toward a cure may need to include interventions directed
at suppressing CA HIV-RNA transcription or eliminat-
ing cells harboring the transcriptionally competent HIV-1
proviruses, given their role in persistent immune
activation and the theoretical possibility that, following
discontinuation of ART, they could undergo recombi-
nation to generate competent virus.
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